Introduction
Research regarding to the solidification-structure refinement caused by the heterogeneous nucleation has been studied intensively in material production processes. [1] [2] [3] [4] Grain refinement by modification of solidification rate has a high potential to optimize the mechanical properties of solidification structure, and the initial solidification behavior of the molten steel in the mold is directly related to the heat transfer in the mold, the heterogeneous nucleation of the molten steel and the interfacial conditions between the inclusion and molten steel, etc.
The process of heterogeneous nucleation of the freezing solid on inclusion particles in the liquid steel is strongly dependent on how well the molten steel wets the inclusions. If the molten steel doesn't wet the inclusion well, it tends to require a larger driving force to initiate the nucleation; thus, a larger undercooling is desired. Also the undercooled solidification structure is different from the traditional solidification structure in the mold, as the solidification rate would be higher and in multi-dimension, due to the fact that the driving force for the solidification of undercooled liquid is larger and the resulted latent heat transfer should be dissipated to the surrounding undercooled environment.
Previous studies have been conducted to investigate the (Received on January 5, 2016 ; accepted on May 12, 2016) The wettability behavior and undercooling of molten steel on single crystal Al 2 O 3 and MgO substrates in a reduced Ar-H 2 atmosphere were investigated by using a sessile drop method. The results showed that there is no reaction layer formed at the steel/substrate interface when the oxygen partial pressure is at 10 − 25 atm, and the contact angle and undercooling degree show the maximal values. With the increase of oxygen partial pressure, the segregation of Si, Mn and the formation of a complex-oxide layer at the interface could be clearly observed; thus the wettability was great improved for both systems, also the contact angle and undercooling degree decreased. The thickness of the reaction layer was expanded with the increase of oxygen partial pressure, which increased from 0.8 μm to 31 μm for Al 2 O 3 substrate, and from 62 μm to 280 μm for MgO substrate, suggesting that the interfacial reaction was getting intensive with the addition of oxygen partial pressure. The results also indicated that the MgO shows a better wettability with molten steel and is more effective for the induction of heterogeneous nucleation.
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effect of nonmetallic inclusions on the heterogeneous nucleation of pure iron. Valdez et al. 5, 6) researched the undercooling of molten iron with different oxides substrates under different oxygen partial pressure through sessile drop tests, and the results suggested that the wettability and undercooling of the melt was significantly affected by the surrounding oxygen content. Shibata et al. 7) investigated the undercooling of the pure iron on various nonmetallic substrates and the results showed that the degree of undercooling was dependent on the thickness of reaction layer. Choe et al. 8) suggested the oxygen potential should be evaluated from the oxygen content and the result showed that the maximum undercooling was not affected by the oxygen content in the sample. The effect of inclusions induced heterogeneous nucleation on the solidification of structure of non-ferrous alloy has been conducted, and it is generally believed that the segregation of solute elements at the liquid metal/ substrate interface has an obvious effect on heterogeneous nucleation 9) and the wetting phenomena.
10)
In addition, it was found that the undercooling decreases with the improving of crystals lattice fitting between inclusions and the delta-ferrite. 11, 12) Thus, the transformation of interface between metal and inclusions under various conditions is the key to analyze the degree of undercooling and the wetting behavior of liquid metal and oxide substrate.
However, the research regarding to the wettability behavior of molten steel and nonmetallic inclusions has been rarely conducted, as the steel is consisted of complicated chemical composition that tends to affect the interfacial energy between the liquid and oxide and the interaction between the steel and inclusions would be more complex compared with pure iron/oxide substrate system. Therefore, the objective of this study is to investigate the wettability behavior of a typical ship-plate steel versus Al 2 O 3 and MgO single crystal substrate under various oxygen partial pressures by the application of sessile drop technique, which aims to study the heterogeneous nucleation of molten steel against different nonmetallic inclusion during the continuous casting process for the refinement of solidification structure.
Experiment Apparatus and Process
The method in this work for measuring the undercooling of steel droplet on the top of oxide substrates is though a sessile drop technique, which is also used to determine the contact angle between the molten droplet and solid substrate. Figure 1 shows a schematic figure of the experimental apparatus. The furnace used in this study is a MoSi 2 resistance furnace, and the chamber is made of a high purity alumina tube that allows for the control of reaction atmosphere without any air infiltration. The temperature is measured by a B-type thermocouple above the tube that has been calibrated by using 99.99% pure iron and analytically pure agent CaF 2 at various temperature intervals. The actual temperature is 50 ± 10 K lower than that of the thermocouple when the test temperature is around 1 873 K, and it would be 30 ± 5 K lower when the test temperature goes down to 1 573 K.
During the test, a typical ship-plate steel sample was firstly weighted before putting into the center of chamber to maintain a constant mass of 0.18 ± 0.01 g, and the major elements of this sample are summarized in Table 1 . The single-crystal substrate used in this study is in size of 10 × 10 × 0.5 mm 3 and the contact surface is polished to an average roughness less than 0.5 nm. The system was then vacuumed for 20 min, and then different preheat mixture gases (Ar, Ar-H 2 mixture gas) were firstly flown through different gas getters (Cu and Mg at high temperature) and then flown inside the furnace with the objective of purging the system and controlling the oxygen partial pressure. Two identical oxygen sensors were placed in series at the entrance and exit of the furnace, and the measurement of the oxygen partial pressure is through the following Eq. (1) (1) where T is the temperature (K) and E is the sensor signal (mV). The furnace will not start to be heated up, until the oxygen partial pressure in the exit becomes less than 10 − 10 atm. As shown in Fig. 2 , the sample was first heated to 1 773 K at a rate of 5 K/min, and then the heating rate was changed to 1 K /min to the holding temperature for a better uniform temperature distribution in the reaction zone, and then it was hold at this temperature for 60 minutes before cooling. The droplet had been fully melted at 1 811 K and the holding temperature was set 1 821 K, at which the substrate/ molten steel/gas achieved equilibrium at the triple line during the holding time. The cooling rate was set at 3 K/min in this study. It could be observed that the molten steel was solidified at certain temperature (1 512 K in this example) where recalescense of molten steel could be observed. Undercooling could be measured as the temperature difference between the melting temperature and the solidification temperature. Finally, the system was shut down when the temperature went below 1 273 K. Slow cooling rates were necessary to avoid any inertia on the temperature as well as to ensure a constant temperature variation in the sample. The whole process of the test was recorded through a JVC-GC-P100 HD memory camcorder.
The further analysis of the video would allow the determination of the contact angle between the liquid and the substrate, and the degree of undercooling that is necessary for solidification. A low-bond axisymmetric drop shape analysis (LBADSA) program named Image-J was used to analyze the drop image against the substrate to obtain its contact angle. After the completion of the experiment, a cross-section and vertical-section of the interface between the steel melts and substrates was examined by using a Scanning Electron Microscope (SEM) in combination with Energy Dispersion Spectroscopy (EDS).
Results and Discussions

Effect of Oxygen Partial Pressure on the Contact Angle of Molten Steel Versus Oxides Substrate
In order to investigate the effect of the oxygen partial pressure on the contact angle between the molten steel and MgO substrate as well as the molten steel and Al 2 O 3 substrate; a series of sessile drop experiments were performed under different atmospheric conditions as showed in Table  2 . Figure 3 shows the spreading process of steel melt on the Al 2 O 3 substrate at the PO 2 of 4.9 × 10 − 25 atm. It could be clearly observed that the deformation of sample was initiated at 90 s, where the sample began to bulge from the sides, and then the sample continued to bulge and collapse from 97 sec to 113 sec. Finally, when the sample reached its melting point 1 811 K, it was fully melted and formed a hemisphere structure.
The wetting behavior for the systems of steel/Al 2 O 3 and steel/MgO that conducted at 1 821 K with varied oxygen partial pressure were presented in Fig. 4 . For the case of steel/Al 2 O 3 , it was observed that the contact angle gets a high value of 111 degrees when the oxygen partial pressure is at 4.89 × 10 − 25 atm. Then, the contact angle decreases to the value as low as 70 degrees when the oxygen partial pressure is at 5.51 × 10 − 19 atm. The contact angle values reported by Valdez 5) was in the range of 95-130 degrees for pure iron on Al 2 O 3 single crystal substrates at low oxygen partial pressures ranging from 10 − 19 atm to 10 − 22 atm. Compared with their results, the contact angle in this study shows a lower value, which will be explained later.
The wetting behavior for the steel/MgO system showed a similar decreasing tendency as steel/Al 2 O 3 system. When PO 2 was at 2.1 × 10 − 25 atm, the contact angle was about 109 degrees; when the oxygen partial pressure increased to 1.62 × 10 − 20 atm, the contact angle decreased to 73 degrees. The present data for the steel on MgO substrate showed a better wettability than steel/Al 2 O 3 system as shown in Fig. 4 .
Therefore, it can be concluded that the contact angle is significantly affected by the oxygen partial pressure in the gas phase, and it has been well documented that the decrease of the contact angle on the oxide substrate is resulted from the adsorption of oxygen on the liquid surface, 13, 14) when the oxygen content is relatively high. However, the results reported by Saiz 15) and Valdez 16) show that the oxygen content absorbed by molten iron could be neglected when the oxygen partial pressure is less than 10 − 14 atm. Thus, the variance of the contact angle caused by the surface tension of the liquid steel due to the oxygen adsorption in this study could be neglected.
A low magnified micrograph of the steel droplet on MgO substrate under the oxygen partial pressure at 10 − 23 atm is given in Fig. 5(a) , and the details of the reaction region at the triple point of gas/steel/substrate is given in Fig. 5(b) . It can be found that the initial interface between the steel and the substrate is very close to the bottom of the steel, when the line of non-reactive layer of the substrate is extended to the reactive interface region as shown in Fig. 5(a) . It may suggest that the reaction layer is expended downwards to the substrate; i.e., elements in the molten steel are diffused into the substrate and forms complex oxide layer. Figure 6 shows the SEM image of the interface between the solidified steel and substrates under different oxygen partial pressure. The cross-sectional analysis of the steel/ Al 2 O 3 (0001) showed that at the lowest oxygen partial pressure, PO 2 = 4.89 × 10 − 25 atm, there is no reaction layer between the droplet and the substrate as shown in Fig. 6(a) ; while with the increase of oxygen pressure at PO 2 = 5.42 × 10 − 23 atm and PO 2 = 5.51 × 10 − 19 atm, a layer of reaction interface was clearly observed to form in Figs. 6(b) and 6(c), indicating that chemical reactions occurred at the interface. In order to analyze the reaction layer, EDS was performed across the centerline as shown in Fig. 6 and the average content of the major elements was summarized in Table 3 .
When the PO 2 is 5.42 × 10 − 23 atm, the thickness of the reaction layer is about 0.8 μm. The major element existing in the reaction layer is O, Al, Mn, Si and Fe with chemical non-stoichiometry. The surface scanning of the cross section is also shown in Fig. 7 , and it could be observed that significant amount of Fe, Mn and small amount of Si were penetrated into the substrate, which is consistent with Table 3 .
Generally, with the increase of oxygen pressure, the interfacial energy between molten steel and molten slag tends to reduce; 17) thus, the solute elements Si and Mn, as the surface active elements, will concentrate at the interface and segregate governed by the minimization of the total free energy of the system: bulk and interface; 18, 19) meanwhile, the segregation of Si and Mn would further lead to the decrease of interfacial energy γ sl consequently. 20) Therefore, it could be confirmed that the alloying element of Mn and Si in the molten steel tends to segregate at the substrate/metal interface to reduce the interfacial tension. Thus, the interfacial tension of the molten steel at the interface would be great reduced and the interaction between the melt and the substrate would be easier, which would lead to a better wettability and a lower contact angle. This explains the reason why the contact angle of steel/substrate system is lower than that in pure iron with same substrate system. When PO 2 is 5.51 × 10 − 19 atm, the interface reaction became more intensive and the thickness of reaction layer was expanded to 31 μm as shown in Fig. 6(c) . Figure 8 shows the surface scanning of O, Al and Fe element across steel and Al 2 O 3 (0001) interface. As shown in Table 3 , Mn and Si content in the reaction layer became less, implying the growth of the reaction layer might be partly controlled by diffusion of O, Al and Fe and the formation of FeAl 2 O 4 in the reaction layer.
The formation of FeAl 2 O 4 could be due to the following Eq. (2). Thus, with the increase of oxygen partial pressure, the formation of FeAl 2 O 4 in the reaction layer will be domi- nant as shown in 21) the FeAl 2 O 4 formation should be thermodynamically stable at the experiment conditions in this study. Therefore, it makes the redundant elements (Si and Mn) expelled from the reaction layer. [ / ] J mol 22) It is obvious that the degree of interaction between the liquid and the substrate material increases with the addition of oxygen partial pressure, as the interaction layer is further expanded and the contact angle decreases. Therefore, with the increase of oxygen content in this study, there would be more oxygen adsorbed at the steel/substrate interface especially at the steel/substrate/gas triple line to further reduce the interfacial energy, which leads to the interfacial reaction or diffusion more intensive that would result in a better wettability and the reduction of contact angle.
For the case of steel/MgO system, there is no reaction layer formed at the interface between steel and substrate when the PO 2 is 2.10 × 10 − 25 atm. When the PO 2 increases to 3.63 × 10 − 23 atm, a reaction layer is observed to appear at the interface, and its thickness is about 62 μm, which is thicker than that formed at the interface between steel and Al 2 O 3 (0001) under similar atmosphere as shown in Fig.  6 (e). The major element exists in the reaction layer is O, Mg, Mn and Fe with a little amount of Si, as shown in Fig.  9 and Table 3 . When the oxygen partial pressure increases to 1.62 × 10 − 20 atm, the thickness of reaction layer is further expanded to 280 μm, and significant amount of Fe was observed to diffuse into the reaction layer as shown in Table  3 and Fig. 10 .
Compared with steel/Al 2 O 3 system, it seems that the liquid steel and MgO system is extremely sensitive to the oxygen content, and the Fe in the molten steel is oxidized at the interface to form FeO with the increase of oxygen partial pressure; then the formed FeO would immediately mix with the MgO at the interface to form a FeO-MgO solid solution to facilitate the interface reaction, which has also been reported by Shibata et al. 21, 23) Therefore, the reaction between liquid steel and MgO substrate is more severe, leading to a thicker interaction layer than that of Al 2 O 3 case. Thus, the wettability would be improved due to the increased effect contact area introduced by the severe interface reaction, which in turn introduce a lower contact angle.
When the oxygen partial pressure is further increased, the molar fraction of oxygen, x O in liquid steel further increased correspondingly. It gives rise to the improvement of the activity of FeO, a FeO . Also, the molar fraction of FeO in MgO-FeO solid-solution will be increased with the increase of a FeO by using the relationship between a FeO and molar fraction of FeO in MgO-FeO solid solution reported by Hahn et al. 24) As the solid solution of MgO-FeO is very dominant in the reaction zone, it will prevent the penetration of Mn and Si into the reaction layer. This may be the reason that there is a little amount of Si and Mn existing in the reaction layer as shown in Table 3 .
Effect of Oxygen Partial Pressure on the Undercooling of Liquid Steel
The undercooling degree resulted from above sessile drop tests under different oxygen partial pressure are summarized in Fig. 11 , where the maximum undercooling for steel/Al 2 O 3 substrate is 299 K and 295 K for the steel/MgO substrate, when the oxygen partial pressure is at 10 − 25 atm. It is observed that the undercooling degree reduces with the increase of oxygen partial pressure, and the system with MgO substrate shows a lower undercooling degree compared with Al 2 O 3 substrate system.
Besides, the undercooling degree in the steel/MgO system decreases sharply with the increase of oxygen partial pressure as shown in Fig. 11 , which suggests that the driving force to initiate the steel/MgO solidification is less than that for steel/Al 2 O 3 system; in other word, MgO is more effective to promote heterogeneous nucleation of molten steel.
As mentioned before, the interface reaction between the liquid steel and substrate would occur and a reaction layer is formed, when the oxygen partial pressure is increased. Thus, the wettability would be greatly improved and the contact angle is decreased correspondingly. Therefore, the interfacial energy tends to reduce that has also been reported in the previous studies 15, 16) and the effective contact surface would be increased significantly; consequently, the driving force to initiate the heterogeneous nucleation is reduced and the undercooling decreases. As the steel/MgO system is more sensitive to the oxygen content, and it shows a better wettability and lower contact angle, which means the work to form the nucleation is easier than that of steel/Al 2 O 3 system; that is the reason why the undercooling degree decreases sharply in MgO substrate case. Figure 12 shows the SEM image of the microstructure of Al 2 O 3 (0001) substrate surface at different locations after the removal of the steel droplet when the oxygen partial pressure is at 5.42 × 10 − 23 atm. There are many polygonal crystals with average size of 25 μm precipitated in the reaction region A and the amount of the crystals in the center region is more than those close to the edge (region B). In order to further analyze the major composition of through the line A to G, line scanning by EDS from center region A to the edge C then to outer layer D, E, F and G are performed and shown in Fig. 13 . First it is observed that oxygen picks up at the edge of the droplet, which confirms the assumption that the oxygen adsorption at the triple steel/substrate/gas phase at the interface. The major element in the reaction region is consisted of O, Al, Mn, Si and Fe, which suggests the segregation of solute elements does occur at the interface and the major elements existing in the reaction layer at the interface under the oxygen pressure at 10 − 23 atm is consistent with Fig. 5 and Table 3 , which is due to the reaction between molten steel and substrate. The form of those crystals may promote heterogeneous nucleation of molten steel, and the reaction zone extended out of the triple junction C to the out part of the reaction region F.
Conclusions
The wettability and undercooling degree for a typical ship-plate steel against single crystal MgO and Al 2 O 3 substrate under different oxygen partial pressure has been conducted through the application of sessile drop technique, and the specific conclusions have been summarized as following:
(1) The contact angle and undercooling degree show a maximal value for both steel/Al 2 O 3 and steel/MgO system, when the partial oxygen pressure is at 10 − 25 atm, and there is no reaction layer found at the interface.
(2) With the increase of oxygen partial pressure, the contact angle between the molten steel and substrate reduces, and the alloying element of Mn and Si in the molten steel was clearly observed to segregate at the substrate/ metal interface. A layer of interaction was formed at the interface, and the thickness was expanded with the increase of oxygen partial pressure. The reason might be explained as that the interfacial energy between the molten steel and oxide substrate would be great reduced as more oxygen adsorbed at the steel/substrate interface especially at the steel/substrate/gas triple line, which leads to the interfacial reaction or diffusion more intensive that would result in a better wettability and the reduction of contact angle.
(3) The liquid steel and MgO system is extremely sensitive to the oxygen content, and the formed FeO-MgO solid solution at the interface tends to facilitate the interface reaction, leading to a thicker interaction layer than that of Al 2 O 3 case. Thus, the wettability would be improved, which in turn introduce a lower contact angle.
(4) The undercooling degree was also reduced with the increase of the oxygen partial pressure due to the interaction between the liquid steel and substrate. The MgO showed a better capability to induce heterogeneous nucleation as the reduction of the undercooling degree is sharper than that of Al 2 O 3 system.
